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STJMMARY 
A p a r a m e t r i c  s t u d y  w a s  made o f  t he  no i se  gene ra t ed  by  two  1.83-m ( 6 - f t )  
d i ame te r  f ans  ope ra t ing  up t o  a maximum p r e s s u r e  r a t i o  o f  1 . 0 3 .  One fan  had 
1 5  r o t o r  b l a d e s ,  2 3  s t a t o r  b l a d e s ,  a n d  a maximum ro ta t iona l  speed  o f  1200  rpm. 
The o the r  f an  had  9 r o t o r  b l a d e s ,  13  s t a t o r  b l a d e s ,  a n d  a maximum speed of  
2000 rpm. The f a n s  were approximately 1/7-scale models   of   the  12.2-m (40- f t )  
d iameter  fans  proposed  for  repower ing  the  NASA-Ares  40- by  80-Foot Wind 
Tunnel.  The  fans were o p e r a t e d  i n d i v i d u a l l y  i n  a 23.8-m (78-f t )   long   duc t .  
Sound p r e s s u r e  l e v e l s  i n  t h e  d u c t  were used t o  d e t e r m i n e  r a d i a t e d  a c o u s t i c  
power as fan   speed ,   b lade   angle ,   and  mass flow were va r i ed .  Appropr i a t e  p re s -  
s u r e s  were measured for  the computat ion of f a n  t h r u s t ,  mass-flow ra te ,  and 
s t e a d y - s t a t e  v e l o c i t y  d i s t r i b u t i o n s .  I n f l o w  c o n d i t i o n s  were a l t e r e d  b y  
v a r i o u s  f l o w  d i s t o r t i o n  d e v i c e s  a n d  honeycomb. 
R e s u l t s  showed t h a t  t h e  low-speed fan w a s  s l i g h t l y  q u i e t e r  t h a n  t h e  h i g h -  
speed  fan  and ,  when s c a l e d  t o  f u l l  scale ,  would be 16  dB q u i e t e r  t h a n  t h e  
present   wind-tunnel   fans .  The f a n  n o i s e  v a r i e d  d i r e c t l y  w i t h  t h r u s t  r e g a r d -  
less o f  whe the r  t h rus t  was v a r i e d  by r o t a t i o n a l  s p e e d  o r  b l a d e  s e t t i n g  f o r  t h e  
r anges  s tud ied .  
INTRODUCTION 
Plans have been made t o  modify the NASA-Ames 40- by  80-Foot Wind Tunnel 
( r e f s .  1 , 2 ) .  A ma jo r   pa r t   o f   t ha t   mod i f i ca t ion  i s  t h e   r e p l a c e m e n t   o f   t h e   s i x  
12.2-m (40-f t )  d iameter  fans .  The new d r ive  sys t em w i l l  have more  power than  
the  p re sen t  sys t em,  a t o t a l  o f  l . 0 1 x 1 0 5  kW (135,000  hp)  compared t o   0 . 2 7 ~ 1 0 ~  
kW ( 3 6 , 0 0 0   h p ) ,   f o r   h i g h e r   t e s t - s e c t i o n  a i r  speeds.  The o p p o r t u n i t y  e x i s t s  t o  
r e d u c e  t h e  f a n  n o i s e  d e s p i t e  t h e  i n c r e a s e d  power o f  t he  new system, because 
t h e  p r e s e n t  f a n s  h a v e  s e v e r a l  b a d  f e a t u r e s ,  a c o u s t i c a l l y  ( h i g h  t i p  s p e e d ;  
c l o s e ,   u p s t r e a m   s t r u t s ) .   R e d u c e d . n o i s e   l e v e l s   b e n e f i t   t h e  community a d j a c e n t  
t o  t h e  wind  tunne l  ( r e f .  2 )  and  acous t i c  r e sea rch  conduc ted  in  the  test  
s e c t i o n   ( r e f .   3 ) .   C o n s e q u e n t l y ,   c o n s i d e r a b l e   e f f o r t   h a s   b e e n  made t o   d e s i g n  
lIllIIlllIlll I I I 
a qu ie t  f an  sys t em.  A 1/7-sca le  test f a c i l i t y  w a s  b u i l t  t o  s t u d y  t h e  aero- 
dynamic  and  acous t ic  per formance  of  candida te  fans  for  the  modi f ied  wind  
t u n n e l .  T h i s  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  o f  p a r a m e t r i c  s t u d i e s  o f  t h e  n o i s e  
o f  two l /7 - sca l e  f ans .  O the r  f ans  w i l l  b e  e v a l u a t e d  i n  t h e  f u t u r e .  
MODELS AND APPARATUS 
High-speed Fan 
A 1.83-m (6 - f t )  d i ame te r  f an  wi th  a m a x i m u m  t i p  s p e e d  o f  1 9 2  m/sec 
(628  f t / sec) ,  which  is c o m p a r a b l e  t o  t h e  t i p  s p e e d  of the  p re sen t  w ind  tunne l  
f a n s ,  is  d e s c r i b e d  i n  t a b l e  1. The fan  had 9 r o t o r  b l a d e s  a n d  13  s t a t o r  
b lades .   Rotor -s ta tor   spac ing  w a s  two r o t o r   c h o r d s .  Maximum t o t a l   p r e s s u r e  
r a t i o  w a s  1 . 0 2 8  ( t o t a l  p r e s s u r e  a f t  o f  s t a t o r  d i v i d e d  b y  a t m o s p h e r i c  p r e s s u r e ) .  
The ro tor  geometry  i s  i l l u s t r a t e d  i n  f i g u r e s  l ( a )  a n d  ( b ) .  
Low-Speed Fan 
A 1.83-m (6 - f t )  d i ame te r  f an  wi th  a maximum t i p  s p e e d  o f  115 m/sec 
( 3 7 7   f t / s e c )  i s  d e s c r i b e d  i n  t a b l e  1 a n d   f i g u r e s   l ( c )   a n d   ( d ) .  The fan  had 
1 5  r o t o r  b l a d e s  a n d  2 3  s t a t o r  b l a d e s .  R o t o r - s t a t o r  s p a c i n g  w a s  two r o t o r  
chords.  The maximum p r e s s u r e   r a t i o  w a s  1 . 0 2 7 .   F i g u r e   l ( e )  i s  a photograph 
o f  t h e  f a n .  P e r t i n e n t  b l a d e  a n g l e s  f o r  b o t h  f a n s  are d e f i n e d  on f igu re  2 .  
Bo th  the  h igh - speed  and  low-speed  f an  ro to r  a i r fo i l s  had  the  same th ick-  
n e s s  d i s t r i b u t i o n  as l i s t e d  i n  t a b l e  2. 
Fan Duct 
The fan-in-duct test f a c i l i t y  is shown i n   f i g u r e s   3 ( a )   a n d   ( b ) .  The duc t  
w a s  square  ups t ream and rec tangular  downst ream of  the  fan ,  wi th  t rans i t ions  
t h a t  c o n t r a c t e d  t o  t h e  c i r c u l a r  f a n  s e c t i o n .  The motor   cen ter  body was sup- 
p o r t e d  by two s t r u t s ,  e a c h  76-mm (3- in . )  th ick  and  wi th  0.91-m (3- f t )  chords .  
The moto r  suppor t  s t ru t  l ead ing  edges  were 1.9 m ( 6 . 1  f t )  a f t  of t h e  r o t o r .  
The mass f low w a s  r e g u l a t e d  by va ry ing   t he   exhaus t   open ing   ( f ig .   3 (c ) ) .  The 
i n l e t  had a bel lmouth.  The d u c t  w a l l  c o n s t r u c t i o n  w a s  12.7-mm (0.5-in.)  
plywood a t  t h e  r e c t a n g u l a r  s e c t i o n s ,  3-mm (0.125-in.)  s teel  a t  t h e  t r a n s i t i o n s ,  
and 12.7-mm (0.5-in.)  s t ee l  a t  t h e   f a n   s e c t i o n .  The i n l e t  t r a n s i t i o n  f r o m  
s q u a r e  t o  c i r c u l a r  s e c t i o n  i s  shown i n  f i g u r e  4 .  
Honeycomb 
Aluminum honeycomb material w a s  p l aced  in  the  in l e t  be tween  the  mic ro -  
phones  and  fan as shown i n  f i g u r e  3 ( b ) .  The  honeycomb c e l l  s t r u c t u r e  is 
shown i n  f i g u r e  5 .  A w i r e  s c r e e n  was p l a c e d  i n  f r o n t  of t h e  honeycomb t o  
2 
protec t   the   fan   f rom  fore ign-objec t  damage, as shown i n  f i g u r e  6 .  The honey- 
comb w a s  removed d u r i n g  s e l e c t e d  r u n s  t o  d e t e r m i n e  i ts  e f f e c t  on t h e  f a n  p e r -  
formance and noise. 
Flow Dis to r t ion  Genera to r s  
I n  a d d i t i o n  t o  t h e  p r o t e c t i v e  s c r e e n ,  m u l t i l a y e r s  o f  s c r e e n  were tempo- 
r a r i l y  p l a c e d  u p s t r e a m  o f  t h e  f a n ,  as shown i n  f i g u r e  6 .  The screens   covered  
the  lower  ha l f  o f  the  duc t .  An a l t e r n a t e  means of d i s t o r t i n g  t h e  f l o w  w a s  
t o  b l o c k  40 percent  of  the  duc t  area wi th  a wooden b a r r i e r ,  a l s o  shown i n  
f i g u r e  6 .  
Acous t ic  Ins t rumenta t ion  
Four microphones were l o c a t e d  i n  t h e  d u c t  u p s t r e a m  o f  t h e  f a n  a n d  f o u r  
were located  downstream a t  t h e  d u c t  s t a t i o n s  shown i n  f i g u r e  3(b) .  The micro- 
phones were mounted  on t r a v e r s i n g  s t r u t s .  Data samples  between 30 and 60  sec 
long  were taken  a t  each  of  the  36 p o i n t s  i n  t h e  d u c t  c r o s s  s e c t i o n s  shown i n  
f igu re   7 (a ) .   F igu res   7 (b )   and   ( c )  are photographs  of   the  microphone/s t rut  
c o n f i g u r a t i o n s   i n   t h e   i n l e t   a n d   e x h a u s t ,   r e s p e c t i v e l y .  B&K 4 1 3 3 ,  12 .7 -mm 
(0.5- in . )   microphones  with UA 0386 nose  cones were used.  The d a t a  were 
recorded on magnetic t a p e  f o r  l a b o r a t o r y  s p e c t r a l  a n a l y s i s .  
Aerodynamic Ins t rumen ta t ion  
The fan performance w a s  determined from fluid mechanic measurements.  
T o t a l  a n d  s t a t i c  p r e s s u r e  m e a s u r e m e n t s  i n  t h e  d u c t  were used  to  calculate f an  
t h r u s t ,   v e l o c i t y   d i s t o r t i o n   p r o f i l e ,   a n d   m a s s - f l o w  rate .  Di rec t iona l   cob ra  
probes were used  to   determine  f low s w i r l  ahead  and  benind  the  fan.  No mea- 
surements were made o f   t h e   f l o w   t u r b u l e n c e   i n t e n s i t i e s   o r   s c a l e .  Only t h e  
p r e s s u r e  r a k e s  ( f i g .  8 )  a f f e c t e d  f a n  n o i s e ;  t h e s e  r a k e s  were p l a c e d  d i r e c t l y  
i n  f r o n t  o f   t he   f an   du r ing   ce r t a in   runs .  The rake  wakes i n t e r s e c t e d  t h e  f a n ,  
caus ing  a s u b s t a n t i a l  n o i s e  i n c r e a s e .  Details of   the  aerodynamic  data  are 
d e s c r i b e d  i n  r e f e r e n c e  4 .  
TESTING AND PROCEDURES 
With a f an  ope ra t ing  a t  a f i x e d  r o t a t i o n a l  s p e e d ,  b l a d e  p i t c h ,  a n d  mass- 
f l o w  r a t e ,  n o i s e  levels were recorded a t  36 pos i t i ons  ups t r eam and 36 posi-  
t i ons  downs t r eam o f  the  f an .  In  some cases, only  1 2  p o s i t i o n s  were sampled 
a t  the  duct   mid-height .  The d a t a  were ana lyzed   in   th i rd-oc tave   bands   and  
in t eg ra t ed   ove r   t he   duc t   c ros s   s ec t ion   t o   g ive   sound  power l e v e l s .  Narrow- 
band spec t ra  of  sound pressure  were genera ted  for  se lec ted  microphone  
p o s i t i o n s .  
Mass-flow rate i s  g i v e n  i n  p e r c e n t  o f  t h e  d e s i g n  o r  optimum mass-flow 
rate f o r  a p a r t i c u l a r  s t a g g e r  a n g l e .  A t  a s t agge r  ang le  o f  35.4O and a 
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r o t a t i o n a l  s p e e d  of 1200 rpm, the design mass-f low ra te  w a s  163  kg/sec  
(359 lbm/sec) . The  da ta  are p r e s e n t e d  f o r  100 percent  mass-f low rate and 
1200 rpm fan  speed  un le s s  no ted  o the rwise  on  the  f igu res .  
Accuracy 
The accuracy of  a s ingle  sound pressure  measurement  was e s t i m a t e d  t o  b e  
50.5 dB. However, t h e  a c c u r a c y  o f  t h e  computed  sound  power levels depended 
o n  ( 1 )  t h e  v a r i a b i l i t y  o f  t h e  n o i s e  levels w i t h  time, ( 2 )  t h e  v a r i a b i l i t y  o f  
n o i s e  o v e r  t h e  d u c t  c r o s s  s e c t i o n ,  ( 3 )  t h e  p o s s i b i l i t y  o f  n o n r a d i a t i n g  d u c t  
modes i n f l u e n c i n g  t h e  d a t a ,  ( 4 )  t h e  p o s s i b i l i t y  o f  d u c t  e n d  r e f l e c t i o n s ,  
(5) the  poss ib le  masking  of  fan  noise  by  microphone  wind  noise ,  (6)  the  pos-  
s i b l e  mask ing  o f  f an  no i se  by  th ro t t l e  no i se ,  and  ( 7 )  t h e  l o s s  o f  a c o u s t i c  
power th rough  the  duc t  walls.  
A d e f i n i t i v e  e v a l u a t i o n  o f  e a c h  o f  t h e  a b o v e  p o t e n t i a l  e f f e c t s  w a s  n o t  
poss ib l e .   However ,   t he   fo l lowing   obse rva t ions  were made f o r  e a c h  o f  t h e  
r e s p e c t i v e  e f f e c t s :  
1. The g r e a t e s t  v a r i a t i o n  o f  s o u n d  p r e s s u r e  t o n e s  w i t h  time was i 4  dB 
( i n l e t  honeycomb  removed) and ?3 dB ( i n l e t  honeycomb i n s t a l l e d ) .  
2.  The  sound  power level  v a r i a t i o n  w i t h  m i c r o p h o n e  p o s i t i o n  was 2 3  dB 
f o r  t o n e s  a n d  2 2  dB fo r  b roadband  no i se .  
3 .  Doak ( r e f .   5 )  showed t h a t   n o n p r o p a g a t i n g   ( c u t o f f )   a c o u s t i c  modes i n  
a d u c t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  i n t e g r a t e d  m e a n - s q u a r e  p r e s s u r e s  m e a s u r e d  
w i t h i n  two t o   f o u r   d u c t   r a d i i   f r o m   t h e   s o u r c e .   W i t h i n   t h a t   d i s t a n c e ,   t h e r e  i s  
no  s imple  re la t ionship  be tween the  measured  sound pressure  and  the  acous t ic  
power propagat ing  away f rom  the   fan .  However, the   impl ica t ion   f rom  Doak ' s  
work i s  t h a t  t h e  n o n p r o p a g a t i n g  modes have  su f f i c i en t ly  decayed  a t  d i s t a n c e s  
b e y o n d  f o u r  d u c t  r a d i i  t o  b e  i n s i g n i f i c a n t  c o m p a r e d  t o  t h e  p r o p a g a t i n g  modes. 
S i n c e  t h e  m i c r o p h o n e s  i n  t h i s  s t u d y  were l o c a t e d  s e v e n  f a n  r a d i i  u p s t r e a m  a n d  
ten  rad i i  downst ream,  i t  is  concluded  tha t  the  measured  sound pressures  were 
d i r e c l y  r e l a t e d  t o  t h e  p r o p a g a t i n g  a c o u s t i c  e n e r g y .  
4 .  To check   the   accuracy   of   the   sound power c a l c u l a t i o n s  b a s e d  on sound 
pressure measurements ,  a c a l i b r a t e d  n o i s e  s o u r c e  (ILG I n d u s t r i e s  f a n  d e s c r i b e d  
i n  r e f .  6 )  was o p e r a t e d  i n  t h e  f a n  s e c t i o n .  F i g u r e  9 shows t h a t  t h e  power 
c a l c u l a t i o n s  were q u i t e   a c c u r a t e   a b o v e  200  Hz.  Below t h a t   f r e q u e n c y ,   t h e  
measured  power was g r e a t e r  t h a n  t h e  f r e e - f i e l d  levels ,  probably because of  duct  
end   re f lec t ions .   Therefore ,   da ta   be low  125  Hz were o m i t t e d  f r o m  t h e  r e s u l t s .  
The lowes t  f requency  of  in te res t ,  the  b lade-passage  f requency  of  the  fans ,  
var ied from 150 Hz t o  300 Hz f o r  r o t a t i o n a l  s p e e d s  o f  5 0  p e r c e n t  t o  100 percent  
maximum. (Both  fans   had  the same blade-passage  frequency.)   Figure 9 a l s o  
shows t h a t  t h e  d u c t  d i d  n o t  i n h i b i t  t h e  a c o u s t i c  power o u t p u t  o f  t h e  ILG f an .  
It i s  assumed t h a t  t h e  d u c t  d i d  n o t  i n h i b i t  a c o u s t i c  s o u r c e s  o n  t h e  1.8-m 
( 6 - f t )  f a n s ,  a l t h o u g h  c e r t a i n  s p i n n i n g  modes were c u t  o f f ,  as d i s c u s s e d  la ter .  
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5. Microphone  wind  noise i s  e s t i m a t e d  t o  b e  o v e r  20 dB below the mea- 
s u r e d  n o i s e  levels, as shown i n  f i g u r e  l O ( a ) ( i n l e t )  a n d  f i g u r e  l O ( b ) ( e x h a u s t ) .  
The microphone wind noise levels were taken  f rom reference  7 ,  which  conta ins  
d a t a  f o r  a microphone i n  smooth flow and a microphone i n  t h e  wake o f  an  ae ro -  
dynamic  body. The smoo th   f l ow  cond i t ion   co r re sponds   t o   t he   duc t   i n l e t   mic ro -  
phones;  the wake f low cor responds  to  the  exhaus t  microphones ,  which  were i n  
t h e  wake of  the -fan-motor  center  body.  
6 .  The t h r o t t l e  n o i s e  c a n  b e  a t t r i b u t e d  t o  t h e  t u r b u l e n t  b o u n d a r y  l a y e r  
f l o w i n g  p a s t  t h e  t r a i l i n g  e d g e  o f  t h e  t h r o t t l e  d o o r s .  However, e s t i m a t i o n  o f  
the  noise ,  based  on  the  method of  re ference  8 ,  i n d i c a t e d  t h a t  t h e  r e s u l t i n g  
sound power w a s  much below the measured levels.  
7 .  The loss o f  a c o u s t i c  power  through  the  duct walls w a s  n e g l i g i b l e  
compared t o  t h e  power f lowing  a long  the  duc t  ax i s ,  as can  be  infer red  f rom 
t h e  r e s u l t s  o f  f i g u r e  9. 
I n  summary, t he  t ime-ave raged  sound  p res su re  l eve l s  i n t eg ra t ed  ove r  t he  
duc t  c ros s  sec t ions  gave  the  fo l lowing  sound  power a c c u r a c i e s  as a func t ion  o f  
frequency. 
Frequency, 
Hz 
PWL accuracy,  
dB 
125 
160 t o  200 
250 t o  400 
500 t o  8000 
10,000 t o  12,500 
+4,  -0 
+ 3 ,  -1 
9 
+1 
The t ime-averaged  sound pressure  leve ls  var ied  2 3  dB wi th  microphone  pos i t ion .  
RESULTS AND DISCUSSION 
High-speed Fan vs Low-Speed Fan 
A t  equa l - thrus t  opera t ing  condi t ions ,  the  low-speed  fan  genera ted  less 
sound power than the high-speed fan did a t  the fundamental  and second har-  
monic of  the blade-passage frequency and a t  f requencies  above  1600 Hz, as 
shown i n  f i g u r e  l l ( a ) .  Both   fans   had   the  same blade-passage  frequency 
(f = BN/60) of  300 Hz. The  low-speed  fan w a s  n o i s i e r  a t  f requencies  be low 
250 Hz. 
Also shown  on f i g u r e  l l ( a )  are predic ted  sound power levels o f  t h e s e  f a n s  
(private  communication  from R. Wells, General FJectric C o . ,  Schenectady, N.Y. ) .  
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The p r e d i c t i o n  scheme w a s  based on t h e  f o l l o w i n g  e m p i r i c a l  f i t  t o  ax ia l  f a n  
no i se  da t a  accumula t ed  f rom p rev ious  s tud ie s .  
PWL(f) = -48.2 - 1 0  l o g [ l  + ( 4 , . 4 ~ ) ~ ]  + 1 0  l o g  f + 40 l o g  N 
(D measured i n  meters) 
F i g u r e  l l ( a )  shows t h a t  t h e  p r e d i c t i o n s  b r a c k e t e d  t h e  d a t a  o f  t h e  p r e s e n t  
s tudy ,  be ing  too  low for  the  low-speed  fan  and  too  h igh  for  the  h igh-speed  fan .  
F i g u r e s  l l ( b )  a n d  ( c )  are typical  narrowband spectra  of  sound pressure 
levels   measured  with  microphone 3 ( i n l e t )   a n d  7 ( e x h a u s t ) ,   r e s p e c t i v e l y .  The 
d a t a  show t h a t ,  o v e r  most of the spectrum, the low-speed fan generated less 
t o n a l  n o i s e  a n d  less broadband noise  than the high-speed fan.  
Large-Scale Fan Noise 
The d a t a  o f  f i g u r e  l l ( a )  were s c a l e d  t o  r e p r e s e n t  t h e  a c o u s t i c  power of 
t h e  s i x  12.2-m ( 4 0 - f t )  d i a m e t e r  f a n s  d e s c r i b e d  i n  t a b l e  3,  which  would d r i v e  
t h e  40- by 80-foot  wind  tunnel.   The  full-scale  fans w i l l  be  housed  in  c i r -  
c u l a r  d u c t s  whose i n l e t s  w i l l  be  11 m ( 3 6  f t )  f r o m  t h e  r o t o r  a n d  whose 
exhaus t  w i l l  be 37 m (122 f t )  f r o m  t h e  r o t o r .  T h u s ,  t h e  a c o u s t i c  end r e f l e c -  
t i ons  shou ld  have  no e f f e c t  on source  sound  power. To make the  aerodynamic 
cond i t ions  o f  t he  l a rge - sca l e  f ans  similar t o  t h e  s m a l l - s c a l e  test c o n d i t i o n s ,  
t h e  b l a d e  t i p  s p e e d ,  a n g l e  o f  a t t a c k ,  a n d  a i r f o i l  s e c t i o n  must no t   change .   In  
a d d i t i o n ,  t h e  s i z e  o f  t h e  s m a l l - s c a l e  f a n s  w a s  chosen so  tha t  t he  Reyno lds  
number c h a n g e  d u e  t o  s c a l i n g  w o u l d  h a v e  n o  s i g n i f i c a n t  e f f e c t  on the  aero-  
dynamic  performance  of   the  fan  blades.   Under   those  condi t ions,   the   acoust ic  
power can be writ ten 
W = cons t  V 5  -. 5D2Fn 
t z -P  
Equat ion 2 is  based  on  da ta  d i scussed  in  a later sec t ion ,  which  shows fan  
noise  dependence on V 5 * - 5 .  The D2 term comes f rom  the   p remise   tha t   doubl ing  
t h e  f a n  b l a d e  area by inc reas ing  the  span  and /o r  chord  doub les  the  number 
of   acous t ic   sources   and ,   therefore ,   the   rad ia ted   sound  power .  The term F, 
a c c o u n t s  f o r  t h e  number of  fans .  
tz-P 
To sca le  f rom one  1.83-m ( 6 - f t )  f a n  t o  s i x  12.2-m (40 - f t )  f ans  a t  t h e  
same t i p  speed,  the  sound power level i n c r e a s e s  as fo l lows:  
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Many e m p i r i c a l  p r e d i c t i o n  s c h e m e s  l e a d  t o  t h e  same r e s u l t  g i v e n  b y  e q u a t i o n  3 
( r e f .  2 descr ibes   four   such   empir ica l   formulas) .   Equat ion  3 is  a l s o  v a l i d  f o r  
s ca l ing  the  th i rd -oc tave  band  levels o f  t h e  small-scale f a n  t o  f u l l - s c a l e  as 
long  as t h e   f r e q u e n c i e s  are s h i f t e d . '  A s  a f i r s t  a p p r o x i m a t i o n ,  t h e  f r e q u e n c y  
r a t i o  fllf2 can  be  a s sumed  p ropor t iona l  t o  f an  ro t a t iona l  speed .  Fo r  example ,  
both turbulence-generated broadband noise  f requency and vortex shedding rate 
depend on the Strouhal  f requency,  f = StV/chord = const NDlchord = c o n s t  N 
( r e f s .   9 , lO) .   B lade -passage   no i se   occu r s  a t  f r e q u e n c i e s   p r o p o r t i o n a l   t o  
ro t a t iona l   speed .   Thus ,   t he   acous t i c   f r equenc ie s   o f   t he  small-scale and  large-  
scale f a n s  are r e l a t e d  as fo l lows:  
Equat ion 1, which  con ta ins  seve ra l  empi r i ca l  terms necessary  for  approxi -  
ma t ing  the  acous t i c  spec t rum shape ,  r educes  to  the  same s c a l i n g  r e l a t i o n s h i p  
of  equat ion  3 i f  the  above-assumpt ions  about  f requency  dependence  are made. 
Figure 1 2  shows small-scale f a n  d a t a  s c a l e d  t o  f u l l  scale ,  u s i n g  
equat ion   3 .  The t h r u s t  l e v e l s  o n  f i g u r e  12 were scaled  from  measured small- 
scale f a n  t h r u s t .  
The v a r i a t i o n  o f  f a n  n o i s e  w i t h  o p e r a t i n g  c o n d i t i o n  h a s  b e e n  d e t e r m i n e d .  
Because the high-speed fan model tes t  w a s  l imi t ed  to  on ly  one  b l ade  ang le  and  
r o t a t i o n a l  s p e e d ,  t h e  e f f e c t  o f  o p e r a t i n g  c o n d i t i o n  is d i s c u s s e d  w i t h  r e s p e c t  
to   the  low-speed  €an  only.  The p r e s e n t  40- by  8O-foot  wind  tunnel  fans  have 
f ixed -p i t ch  b l ades ,  s o  t e s t - s e c t i o n  s p e e d  i s  v a r i e d  b y  c h a n g i n g  f a n  r o t a t i o n a l  
speed .   Dur ing   t he   s tudy   desc r ibed   i n   r e f e rence  11, the   f an   sound  power v a r i e d  
as 50 l o g  N2/N1 dB. The replacement   fans  w i l l  be  opera ted  by  vary ing  b lade  
p i t c h  a n d  r o t a t i o n a l  s p e e d  as shown i n  f i g u r e  13  f o r  t h e  low-speed fans. 
There w i l l  be  no r e s t r i c t i o n  o n  t h e  c h o i c e  o f  f a n  s p e e d  o r  s t a g g e r  a n g l e  t o  
achieve  a g iven  t e s t - sec t ion  speed  as long  as t h e  power and blade pi tch limits 
are not   exceeded.   For   example,   the   fol lowing  sequence  could  be  used:  
i n c r e a s e  f a n  s p e e d  t o  10 p e r c e n t  maximum a t  105O s t a g g e r  a n g l e ;  d e c r e a s e  
s t a g g e r  a n g l e  t o  65.5O ( i n c r e a s e s  a n g l e  o f  a t t a c k ) ;  i n c r e a s e  f a n  s p e e d  t o  
100  percent  maximum; d e c r e a s e  s t a g g e r  a n g l e  t o  4 3 . 6 " ,  a c h i e v i n g  t o p  s p e e d  i n  
t h e  tes t  s e c t i o n .  A t  f ixed   p i tch ,   the   wind- tunnel   speed  is d i r e c t l y   p r o p o r -  
t i o n a l  t o  b l a d e  t i p  s p e e d .  N o t e  t h a t  a b o v e  58 p e r c e n t  maximum t e s t - s e c t i o n  
speed ,  the  fan  must  be  a t  100 p e r c e n t  maximum speed. 
lNo c o r r e c t i o n  f o r  b a n d w i d t h  is r e q u i r e d  t o  s h i f t  f r o m  o n e  t h i r d - o c t a v e  
band t o  a n o t h e r .  A c o r r e c t i o n  is n e c e s s a r y  i f  t h e  d a t a  i s  s h i f t e d  t o  s a y ,  a n  
octave-band spectrum. 
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Figure  14 (a )  shows t h e  r e s u l t i n g  n o i s e  v a r i a t i o n  w i t h  t e s t - s e c t i o n  s p e e d  
of the   p resent   fans   and   the   low-speed   fans   ( fu l l  scale). Based  on results 
d e s c r i b e d  i n  a la te r  s e c t i o n ,  a l o w - s p e e d  f a n  n o i s e  v a r i a t i o n  o f  e i t h e r  
55 l o g  N 2 / N 1  dB or -0 .5  dB/deg  increase  in  s tagger  angle  w a s  used depending 
on t h e  mode o f  o p e r a t i o n .  The  low-speed f a n s  are e s t i m a t e d  t o  b e  7 dB q u i e t e r  
t h a n  t h e  p r e s e n t  f a n s ,  w i t h  b o t h  s y s t e m s  o p e r a t i n g  a t  t o p  s p e e d ,  d e s p i t e  t h e  
i n c r e a s e  i n  maximum tes t - sec t ion  speed  f rom 100 m/sec t o  155 m/sec (328 f t / s e c  
t o  509 f t / s ec )  expec ted  f rom the  new fan   sys tem.  The a c o u s t i c  power l e v e l  o f  
t h e  p r e s e n t  40-  by 8O-foot wind tunnel fans is q u i t e  h i g h  b e c a u s e  two l a r g e ,  
5.1-m (16 .75 - f t )  cho rd  s t ru t s  are loca ted  immedia te ly  ups t ream of  each  ro tor .  
The i n t e r s e c t i o n  o f  t h e  s t r u t  wakes  by t h e  r o t o r  b l a d e s  is a v e r y  e f f e c t i v e ,  
bu t   undes i r ab le ,   sou rce   o f   no i se .  The low-speed  fans w i l l  h a v e  r e l a t i v e l y  
small s t a t o r s  (0.74-m (2.4 f t )  chord when s c a l e d  t o  f u l l  s c a l e )  l o c a t e d  two 
ro to r  chords  downs t r eam o f  the  ro to r .  
F i g u r e  1 4 ( a )  shows tha t  the  pred ic ted  low-speed  fan  noise  i s  almost 
i n s e n s i t i v e  t o  t h e  manner i n  wh ich  the  f an  i s  opera ted ,  whether  i t  be  a long  
t h e  65.5O s t a g g e r  a n g l e  l i n e  o r  a l o n g  t h e  power and blade pi tch limits ( s e e  
f i g .  13).  T h a t   f o l l o w s   f r o m   t h e   f a c t   t h a t   t h e   n o i s e   d e c r e a s e   d u e   t o  rpm 
decrease  (55  log  N 2 / N 1 )  i s  a l m o s t  o f f s e t  by t h e  n o i s e  i n c r e a s e  d u e  t o  p i t c h  
change   (0 .5   dB/deg)   necessary   to   main ta in   t es t - sec t ion   speed .   In   o ther   words ,  
t h e  low-speed fan  noise  depends  only  on  tes t - sec t ion  speed  (approximate ly)  a t  
a rate given by 
AdB = 55   l og  - v 2  
V l  
F i g u r e  1 4 ( b )  i l l u s t r a t e s  t h e  n o i s e  v a r i a t i o n  d e s c r i b e d  by equation  6.   Note 
t h a t  f i g u r e  1 4 ( b )  is n o t  q u i t e  as a c c u r a t e  as f i g u r e  1 4 ( a )  b e c a u s e  t h e  n o i s e  
v a r i a t i o n  w i t h  rpm is n o t  p r e c i s e l y  e q u i v a l e n t  t o  t h e  n o i s e  v a r i a t i o n  w i t h  
p i tch  change .  
Because  f an  th rus t  is  approx ima te ly  p ropor t iona l  t o  t e s t - sec t ion  speed  
s q u a r e d  ( r e f .  1 2 ) ,  e q u a t i o n  6 can  be  wr i t ten  
T 2  
T 1  
AdB = 27.5  log  - 
Thus,  the wind-tunnel  fan noise  w i l l  va ry  ( approx ima te ly )  w i th  th rus t ,  irre- 
s p e c t i v e  o f  how t h a t  t h r u s t  is ob ta ined .  
Equation 7 is based on f a n  o p e r a t i o n  i n  a f ixed   duc t   sys tem.  An a t tempt  
w a s  made t o  i n v e s t i g a t e  t h e  e f f e c t  o f  v a r i a b l e  d u c t  l o s s e s  on   fan   no ise .  The 
duct mass-flow rate w a s  t h r o t t l e d  30 p e r c e n t  w i t h  t h e  f a n  r o t a t i o n a l  s p e e d  
a n d   s t a g g e r   a n g l e   f i x e d .  However, the   no ise   change  w a s  i n s i g n i f i c a n t   b e c a u s e  
t h e  r e d u c t i o n  o f  mass f low caused  the  b l ades  to  beg in  to  s ta l l ;  and, as d i s -  
c u s s e d  i n  a la ter  s e c t i o n ,  o n c e  t h e  b l a d e s  b e g i n  t o  s t a l l ,  the  noise  remains  
f a i r l y  c o n s t a n t  e v e n  i f  t h e  a n g l e  o f  a t t a c k  i n c r e a s e s .  
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A t  a g iven  tes t - sec t ion  speed ,  the  low-speed  fans  w i l l  be  approximately 
16  dB q u i e t e r   t h a n   t h e   c u r r e n t   f a n s .   F i g u r e   1 4 ( c )  shows the   t h i rd -oc tave  
b a n d  s p e c t r a  f o r  t h e  two f an  sys t ems  ope ra t ing  to  g ive  a t e s t - sec t ion  speed  
of 100 m/sec (q = 6128 N/m2 ( 1 2 8  l b / f t 2 ) )  , which is t h e  maximum speed gener- 
a t e d  by t h e   p r e s e n t   f a n s .   F i g u r e   1 4 ( c )   r e p r e s e n t s   a n   e q u a l   t h r u s t - o p e r a t i n g  
c o n d i t i o n  f o r  t h e  two f an  sys t ems .  
The e s t i m a t e d  n o i s e  l e v e l s  o f  t h e  s c a l e d - u p  f a n s  shown i n  f i g u r e s  1 2  a n d  
1 4  are a c c u r a t e  i f  ( a )  t h e  a c o u s t i c  s o u r c e  mechanisms scale w i t h  f a n  s i z e  a t  
t h e  rate assumed,  and (b) no new s o u r c e s  d e v e l o p  i n  t h e  f u l l - s c a l e  i n s t a l l a -  
t i o n .  With r e s p e c t  t o  item ( a ) ,  i t  w a s  assumed t h a t  t h e  number of  uncor- 
r e l a t e d  a c o u s t i c  s o u r c e s  w o u l d  i n c r e a s e  d i r e c t l y  w i t h  an i n c r e a s e  i n  b l a d e  
area. Tha t  shou ld  be  va l id  fo r  t he  b roadband  no i se ,  wh ich  is  c h a r a c t e r i s t i c  
o f  b l ade  in t e rac t ion  wi th  sma l l - sca l e  random turbulence .  Doubl ing  the  b lade  
span and chord would quadruple the number  of sources  and  quadruple  the  square  
of t h e  a c o u s t i c  p r e s s u r e ,  r e s u l t i n g  i n  a 6 dB n o i s e  i n c r e a s e  ( 2 4 . 3  dB when 
sca l ing   one  1 . 8 - m  f a n  t o  s i x  12.2-m f a n s ) .  However, c e r t a i n  d i s c r e t e  n o i s e  
sources ,  such  as r o t o r - s t a t o r  i n t e r a c t i o n ,  c o u l d  c o n c e i v a b l y  i n c r e a s e  i n  s i z e  
r a t h e r  t h a n  i n  n u m b e r ,  c a u s i n g  t h e  a c o u s t i c  p r e s s u r e  t o  i n c r e a s e  r a t h e r  t h a n  
the   square   o f   acous t ic   p ressure .   Wright   ( re f .  9 )  c i t e s  some f a n   n o i s e   d a t a  
t h a t  i n c r e a s e d  9 dB wi th   the   doubl ing   of   b lade   span   and   chord .   I f   appl icable  
to  the  low-speed  f an ,  t ha t  would cause the peaks a t  50 and  100 Hz on 
f i g u r e  1 2 ( a )  t o  i n c r e a s e  8 dB ( the higher  harmonics  of  blade-passage fre-  
quency  would s t i l l  be  dominated  by  broadband  noise). The o v e r a l l  power l e v e l  
would i n c r e a s e  4 dB. 
With respect t o  item (b)  above ,  the  acous t ic  source  could  change  i f  the  
scale o f  t u r b u l e n c e  r e l a t i v e  t o  t h e  f a n  c h o r d )  i s  s i g n i f i c a n t l y  d i f f e r e n t  i n  
t h e  f u l l - s c a l e  i n s t a l l a t i o n  as compared t o   t h e   s m a l l - s c a l e  tes t .  Because 
n e i t h e r  t h e  s m a l l - s c a l e  tes t  t u r b u l e n c e  l e v e l s  n o r  t h e  f u l l - s c a l e  f a n  t u r b u -  
l e n c e  l e v e l s  are  p r e c i s e l y  known, t h e r e  i s  a corresponding element of 
u n c e r t a i n t y  i n  t h e  p r e d i c t i o n  o f  t h e  l a r g e - s c a l e  f a n  n o i s e .  A rough estimate 
o f  t he  unce r t a in ty  can be  made by comparing the noise  levels  measured with 
and  wi thou t  t he  e igh t  p re s su re  su rvey  r akes  p l aced  immedia t e ly  in  f ron t  o f  t he  
f an   ( f ig .   8 ) .   F igu res   15 (a )   t h rough   ( c )  show tha t   t he   b l ade -wake   i n t e rac t ion  
g e n e r a t e d  c o n s i d e r a b l e  d i s c r e t e  n o i s e  - up t o  9 dB in  th i rd -oc tave  bands  and 
a 4-dB i n c r e a s e  i n  o v e r a l l  power l e v e l .  It i s  i m p r o b a b l e  t h a t  t h e  f u l l - s c a l e  
wind tunnel  would generate  a v o r t e x  o r  t u r b u l e n c e  s t r u c t u r e  more i n t e n s e  o r  
w i th  more a x i a l  l e n g t h  t h a n  t h e  wake d e f e c t s  o f  t h e  p r e s s u r e  r a k e s .  Hence, 
+4,-0 dB is t h e  e s t i m a t e d  e r r o r  i n  s o u r c e  n o i s e ,  a n d  +4,-0 dB is  t h e  e s t i m a t e d  
e r r o r  i n  s c a l i n g  f o r  a t o t a l  sound  power p r e d i c t i o n  a c c u r a c y  o f  +8,-0 dB. 
Sound Propagation Upstream vs Downstream 
Figure  1 6  shows t h a t  t h e  a c o u s t i c  power rad ia t ing  downst ream of  the  fan  
dominated   the   to ta l   fan   sound  power .   This   happened   desp i te   the   fac t   tha t   an  
o m n i d i r e c t i o n a l  n o i s e  s o u r c e  (ILG f an )  i n  the  bo t tom o f  the  f an  sec t ion ,  wind 
o f f ,  r a d i a t e d  2 t o  4 dB more sound power upstream than downstream (the down- 
stream propagat ion  w a s  impeded  by the  fan-motor  center  body).   Because  blade- 
gene ra t ed  no i se  has  a p r e d o m i n a n t l y  d i p o l e  d i r e c t i v i t y  ( r e f .  9 ) ,  it is 
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proposed that  .downstream convect ion of  fan noise  by wind accounted for  the 
r e l a t i v e l y  l a r g e  levels of   noise   downstream  of   the  fan.   Reference 13 repor t ed  
t h a t  mean f low causes  acous t i c  power a t  f r equenc ie s  w e l l  a b o v e  c u t o f f  t o  b e  
m u l t i p l i e d  by ( 1  + f o r  downstream waves, and  by (1 - M ) 2  fo r   ups t r eam 
waves (M = Mach number). The  mean f l o w  s p e e d  f o r  f i g u r e  16  was 70.4 m/sec 
(231  f t / s ec )  wh ich  co r re sponds  to  a Mach number of  0.2.  The c o n v e c t i o n  f a c t o r  
2 
AdB = 1 0  l o g  + O m 2 )  = 3.5  dB 
(1 - 0.212 
i s  the predicted difference between upstream and downstream sound power.  The 
convec t ion  f ac to r  accoun t s  fo r  much o f  t h e  mid- and high-frequency noise  
d i f fe rences   in   f igure   16 ,   ups t ream  and   downst ream.  The r e a s o n  f o r  t h e  domi- 
nance of downstream noise a t  low f r equenc ie s  i s  unknown. 
The d i p  i n  t h e  u p s t r e a m  d a t a  f r o m  2 kHz t o  3.15 kHz w a s  due t o  i n l e t  
honeycomb sound  a t tenuat ion .  Sound measurements  of  broadband  noise (ILG n o i s e  
source)  wi th  the  honeycomb i n  a n d  o u t  showed 1 t o  4 dB i n s e r t i o n  l o s s  from 
2 kHz t o  3.15 kHz w i t h  n e g l i g i b l e  e f f e c t  a t  o t h e r  f r e q u e n c i e s .  
F i g u r e s  1 7 ( a )  a n d  ( b )  i l l u s t r a t e  t h e  s o u n d  power s p e c t r a  compared t o  
t y p i c a l  s o u n d  p r e s s u r e  l e v e l  s p e c t r a  i n  t h e  i n t a k e  a n d  e x h a u s t ,  r e s p e c t i v e l y .  
Relative Importance of Noise Sources 
Tones - I n s p e c t i o n  o f  t h e  l o w - s p e e d  f a n  d a t a  o f  f i g u r e s  l l ( a )  t o  ( c )  
i nd ica t e s  t ha t  t he  b roadband  no i se  domina ted  the .  t h i rd -oc tave  band s p e c t r a  
except  a t  300 and  600  Hz,  which are the fundamental  and second harmonics of 
blade-passage frequency. A l l  t h e  o t h e r  t o n e s  i n ,  t h e  n a r r o w b a n d  s p e c t r a  were 
masked by broadband  noise  when conver ted   to   th i rd-oc tave   bands .   Hence ,   any  
a e r o a c o u s t i c  mechanisms tha t  gene ra t ed  tones ,  such  as r o t o r  s t e a d y - l i f t  r o t a -  
t i o n  o r  r o t o r  s t a t o r  i n t e r a c t i o n ,  were g e n e r a l l y  less impor tan t  than  those  
mechanisms tha t  genera ted  broadband noise .  
E s t i m a t i o n  o f  r o t o r - s t a t o r  i n t e r a c t i o n  t o n e  n o i s e  is d i f f i c u l t  t o  make 
without  some knowledge  of  the  rotor-blade  wakes a t  t h e  s t a t o r .  An a t t e m p t  
w a s  made t o  estimate t h e  i n t e r a c t i o n  n o i s e  u s i n g  a p o s t u l a t e d  wake p r o f i l e ,  
b u t  t h e  computed  sound  power l e v e l s  were 15 dB above  the  measured  leve ls  a t  
the  second  and  fourth  harmonic  of  the  blade-passage  frequency.  In  any  case,  
r o t o r - s t a t o r  i n t e r a c t i o n  c a n n o t  b e  d i s c a r d e d  as a: poss ib l e  sou rce  o f  t he  
r e l a t i v e l y  weak tones  genera ted  by the  f an .  
Evaluat ion of  duct  modes u s i n g  t h e  method o f  Ty le r  and  Sof r in  ( r e f .  1 4 )  
i nd ica t ed  tha t  l ow-speed  f an  ro to r - s t a to r  modes genera ted  a t  the fundamental  
b l ade -passage  f r equency  wou ld  no t  p ropaga te  in  the  duc t ;  t h i s  r e su l t  i s  
i n c o n s i s t e n t  w i t h  t h e  weak t o n e  i n  t h e  d a t a  a t  300 Hz ( s e e  f i g s .  11 (b) and 
( c ) ) .  However, tones  generated by r o t o r   i n t e r s e c t i o n   o f   l a r g e - s c a l e   t u r b u -  
lence.   could  propagate  a t  a l l  blade-passage  f requencies .   Thus,   rotor-  
t u r b u l e n c e  i n t e r a c t i o n  is  p robab ly   r e spons ib l e   fo r   t he  300 Hz tone.  A 
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p o t e n t i a l  s o u r c e  o f  t h e  t u r b u l e n c e  w a s  t h e  d u c t  d i s c o n t i n u i t y  1 m ( 3 . 3  f t )  
a h e a d  o f  t h e  f a n  ( s e e  f i g .  4 ) .  
Broadband noise- The more important broadband noise can b e   c l a s s i f i e d  as 
rotor-alone-noise   and excess noise .   Rotor-alone-noise  is t h a t  minimum r o t o r  
no i se  gene ra t ed  in  smoo th  f low by blade boundary-layer  turbulence and vortex 
shedding.   Excess   noise  i s  t h a t  n o i s e  c a u s e d  by a l l  o the r  sou rces ,  such  as 
r o t o r  b l a d e  i n t e r a c t i o n  w i t h  i n f l o w  t u r b u l e n c e  ( r e f .  1 5 ) ,  s t a t o r  i n t e r a c t i o n  
wi th  nonper iodic  f low ( re f .  16) ,  and  ro tor  t ip -c learance  noise  ( re f .  17) .  
Wright  ( re f .  9 )  has  deve loped  an  empir ica l  method f o r  e s t i m a t i n g  minimum 
broadband  no ise   o f   ro tors .  H e  cons idered   on ly   the   tu rbulen t   boundary- layer  
noise  and assumed that  coherent  vortex shedding could be avoided by t r i p p i n g  
the  boundary  layer .  The r e s u l t i n g  p e a k  r o t o r  s e l f - n o i s e  a t  t h e  S t r o u h a l  f r e -  
quency,   f rom  reference  9 ,  i s  
2 2 
SPL = SPL& + 1 0  l o g  (6) Bsb Csb e + 1 0   l o g  (6) & + 2a (11) 
where 
sPL,b = 2 dB ( f i g .  7 . 2 ,  r e f .  9 )  
Ds. = 0 . 3  m 
rsb = 30 m 
Afsb = 1 Hz 
St rouhal  f requency  = 0.9 V t i p / c  
Figure  18  shows that  the mid-frequency noise  of  the low-speed fan extrapolated 
t o  3 0 . 5  m (100 f t )  i s  approaching the minimum p o s s i b l e  a c c o r d i n g  t o  r e f e r -  
ence 9. The noise below 800 Hz and  above 2500 Hz would be  excess  no i se  due  
t o  o t h e r  s o u r c e s .  
E f f e c t  of Honeycomb 
Inf low  turbulence  w a s  no t  measu red  du r ing  the  inves t iga t ion .  However, 
i n f low cond i t ions  were a l t e r e d  by p l a c i n g  honeycomb and  var ious  f low d is tor -  
t i o n  g e n e r a t o r s  i n  t h e  i n l e t .  Changes i n  f a n  n o i s e  were then monitored.  
The i n l e t  honeycomb o f  f i g u r e  5 had only  a m i n o r  e f f e c t  on th i rd -oc tave  
band n o i s e  l e v e l s  as shown i n  f i g u r e  1 9 ( a ) .  Narrowband spec t r a   o f  : 
f igu res  19 (b )  and  (c) a l s o  show ve ry  little e f f e c t  d u e  t o  honeycomb.  The 
small r e d u c t i o n s  o f  i n l e t  n o i s e  may have  been  par t ia l ly  due  to  sound t rans-  
m i s s i o n  l o s s  t h r o u g h  t h e  honeycomb. 
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Examination  of  fan  noise time h i s t o r i e s ,  f i g u r e s  2 0 ( a )  t h r o u g h  ( f ) ,  show 
t h a t  t h e  honeycomb reduced  the  uns teadiness  of  the  b lade-passage  tones ,  
e s p e c i a l l y  i n  t h e  i n l e t .  However, the  e f fec t  on  the  downst ream microphones  
w a s  so s l i g h t  t h a t  t h e  t i m e - a v e r a g e d  s o u n d  power was l i t t l e  a f f e c t e d  b y  t h e  
honeycomb.  Hodder ( r e f .  18) has  shown t h a t  honeycomb i n  a f a n  i n l e t  b r o k e  up 
t u r b u l e n c e  l e n g t h  scale i n  t h e  f l o w  d i r e c t i o n ,  r e d u c e d .  t o n e  u n s t e a d i n e s s  , and 
reduced  the  t ime-averaged  sound  pressure level.  B e c a u s e  t h e s e  e f f e c t s  d i d  n o t  
o c c u r  i n  t h e  s t u d y  d e s c r i b e d  h e r e  ( s e e ,  e . g . ,  t h e  600 Hz t o n e  i n  f i g .  1 9 ( b ) ) ,  
i t  is  p o s s i b l e  t h a t  t h e  f a n  excess n o i s e  w a s  caused by (1) smal l - sca le  turbu-  
l ence  tha t  pas sed  th rough  the  honeycomb, o r  ( 2 )  some f low dis turbance between 
t h e  honeycomb and r o t o r  ( p r o b a b l y  t u r b u l e n c e  f r o m  t h e  d i s c o n t i n u i t y  i n  t h e  
t r a n s i t i o n  b e t w e e n  t h e  s q u a r e  d u c t  a n d  c i r c u l a r  f a n  s e c t i o n ) .  
E f fec t  o f  Flow D i s t o r t i o n  
S teady- s t a t e  measu remen t s  o f  p re s su res  and  f low angu la r i ty  23 mm ( 9  i n . )  
ahead  o f  t he  ro to r  showed t h a t  t h e  i n f l o w  h a d  c o n s i d e r a b l e  r a d i a l  and az i -  
mu tha l  va r i a t ion  o f  swirl ( f ig .  21 (a ) ) ,  wh ich  w a s  reduced by t h e  i n l e t  honey- 
comb ( f i g .   2 1 ( b ) ) .   N o t e   t h e   d i f f e r e n c e   i n   s c a l e   o f   f i g u r e s   2 1 ( a )   a n d   ( b ) .  
The reduct ion  of  swirl by t h e  honeycomb had l i t t l e  e f f e c t  o n  t h e  r a d i a t e d  
sound  power, as w a s  shown i n  f i g u r e  1 9 .  
To in t roduce  a f l o w  v e l o c i t y  d i s t o r t i o n ,  a m u l t i l a y e r  s c r e e n  w a s  
i n s t a l l e d  i n  t h e  i n l e t ,  as shown i n  f i g u r e  6 .  However, t h e  r e s u l t i n g  f l o w  
d i s t o r t i o n  a t  t h e  f a n  w a s  small and  the  f an  no i se  w a s  unchanged, as shown i n  
f i g u r e  22 .  Next, a wooden b a r r i e r  w a s  i n s t a l l e d ,  which  blocked  the  lower 
h a l f   o f   t h e   d u c t   ( f i g .  6 ) .  The m a s s i v e   f l o w   d i s t o r t i o n  shown i n  f i g u r e  2 3  
r e s u l t e d  i n  n o i s e  i n c r e a s e s  of 2 t o  7 dB i n  t h e  t h i r d - o c t a v e  b a n d  power 
spec t rum o f  f igu re  24 .  I f  t he  f low d i s to r t ion  had  been  conf ined  to  smaller 
po r t ions  o f  t he  f an  d i sc ,  r ap id  changes  in  b l ade  load ing  wou ld  have  r e su l t ed  
i n  e v e n  g r e a t e r  n o i s e  i n c r e a s e s  ( r e f .  1 9 ) .  
Ef fec t  o f  Fan R o t a t i o n a l  Speed 
Figures  25(a)  and (b) i l l u s t r a t e  t h e  n o i s e  v a r i a t i o n  w i t h  f a n  s p e e d  a t  a 
f ixed   s t agge r   ang le .  The curves ,   though  nonl inear ,   fo l low  approximate ly  a 
55 l o g  N2/N1 v a r i a t i o n  e x c e p t  a t  88.4" s t a g g e r  a n g l e ,  w h e r e  t h e  v a r i a t i o n  i s  
50 l o g  N,/N,. Because  the  boundary-layer   rakes  were i n s t a l l e d  i n  f r o n t  o f  t h e  
f a n s ,  t h e  n o i s e  w a s  predominately narrowband i n  n a t u r e  a n d ,  t h e r e f o r e ,  n o t  
r e p r e s e n t a t i v e  o f  t h e  b a s i c  f a n  n o i s e .  However, a p l o t  o f  t h e  v a r i a t i o n  o f  
broadband noise  on f igure 25(b)  (f > 1 . 0  Hz) a l s o  showed a 55 l o g  N,/N, 
v a r i a t i o n .  T h i s  v a r i a t i o n  is c o n s i s t e n t  w i t h  r e f e r e n c e  1 9  f o r  several f a n s  
o p e r a t i n g  i n  a range of  t i p  speeds  similar t o  t h a t  of t h e  low-speed f an .  
Effect of Blade Stagger Angle and Angle of Attack 
Figure 26(a)  shows t h a t  t h e  v a r i a t i o n  o f  o v e r a l l  a c o u s t i c  power l e v e l  
w i t h  s t a g g e r  a n g l e  a t  c o n s t a n t  r o t a t i o n a l  s p e e d  w a s  -0.5  dB/deg.  However,  the 
mass f low and ,  t he re fo re ,  t he  b l ade  ang le  o f  a t t ack  were v a r y i n g  a l s o .  
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Figure  26 (b )  shows  the  va r i a t ion  o f  acous t i c  power wi th  e s t ima ted2  ang le  
o f  a t t a c k  a t  3 /4  r ad ius .  Above  10' t h e  a n g l e  o f  a t t a c k  c h a n g e  h a d  n o  e f f e c t  
on t h e  n o i s e .  A p o s s i b l e  e x p l a n a t i o n  is t h a t  t h e  r o t o r  b l a d e  s e c t i o n s  s tall  
between 10'  and  12' ang le  o f  a t t ack ,  t he  no i se  peaks  as p a r t  o f  t h e  b l a d e  
stalls, and  then  the  noise  remains  cons tan t  a s  t h e  e n t i r e  b l a d e  moves i n t o  
t h e  s t a l l  regime. 
CONCLUDING REMARKS 
An expe r imen ta l  i nves t iga t ion  has  been  made of  two 1 .8 -m ( 6  f t )  d i a m e t e r  
fans .   Acoust ic  power  measurements   of   the   fans   in  a 23.8-m (78 f t )  d u c t  showed 
tha t  t he  low-speed  f an  (15  ro to r  b l ades ,  1200  rpm) g e n e r a t e d  s l i g h t l y  less 
noise  than  d id  the  h igh-speed  fan  (9  ro tor  b lades ,  2000  rpm). 
The a c o u s t i c  d a t a  were s c a l e d  t o  r e p r e s e n t  t h e  n o i s e  o f  s i x  12.2-m diam 
f a n s  t h a t  would d r i v e  t h e  A m e s  40- by 8O-Foot Wind Tunnel. The r e s u l t i n g  
n o i s e  of  the iow-speed fans would be 16 dB less t h a n  t h e  n o i s e  o f  t h e  p r e s e n t  
wind-tunnel  fan  system a t  equa l   t e s t - sec t ion   speeds .   Tha t   no i se   r educ t ion  
c a n  b e  a t t r i b u t e d  p r i m a r i l y  t o  e l i m i n a t i o n  of t h e  m o t o r  s u p p o r t  s t r u t s  
upstream of t h e  p r e s e n t  f a n  r o t o r s  and t o  a decrease of  maximum r o t a t i o n a l  
speed  from 290 rpm ( p r e s e n t  f a n s )  t o  180 rpm ( low-speed  f ans ,  fu l l  s ca l e ) .  
Lack of  f low- turbulence  da ta  puts  some u x e r t a i n t y  i n  t h e  p r e d i c t e d  n o i s e  o f  
t he  fu l l - s ca l e  low-speed  f ans .  
The low-speed fan w a s  ope ra t ed  by va ry ing  bo th  b l ade  p i t ch  and  ro t a t iona l  
speed. The no i se  va r i ed  -0 .5  dB p e r  d e g r e e  c h a n g e  i n  s t a g g e r  a n g l e  a n d ,  
though nonl inear ,  var ied  approximate ly  by 5 5  l o g  N,/N1. Those two ra tes  were 
approximately  equal  but  opposite.   Thus,   the  fan  noise  depended  only  on  thrust  
l e v e l  ( o r  t e s t - s e c t i o n  s p e e d )  and d id  not  depend on  the  par t icu lar  rpm o r  
s tagger   angle   combina t ion   chosen   to   reach   tha t   th rus t   l eve l .   This   does   no t  
mean t h a t  d i f f e r e n t  f a n s  g e n e r a t i n g  t h e  same t h r u s t  would make the  same no i se .  
The above conclusions apply only to  the fol lowing ranges for  which data  were 
obta ined:   50   to   100   percent  maximum  rpm and  35" t o  53O s t a g g e r   a n g l e  (4.5O 
t o  19.5O b l a d e  a n g l e  o f  a t t a c k ) .  
The sound power radiated downstream of the fan w a s  4 t o  6 dB g r e a t e r  t h a n  
t h e  u p s t r e a m  levels a t  f requencies   above  250 Hz. Below tha t   f r equency ,   t he  
d i f f e r e n c e  w a s  as much as 1 7  dB. 
The f a n   n o i s e   s o u r c e s  were n o t  i d e n t i f i e d  e x p l i c i t l y .  However, t h e  
fo l lowing  obse rva t ions  were made concerning the low-speed fan: 
1. Broadband  noise  dominated  the  spectrum,  except a t  t h e  f i r s t  a n d  
second harmonics of blade-passage frequency. 
2The e s t i m a t i o n  w a s  based on the vector summation of b lade  speed ,  mean 
f low  ve loc i ty ,   and   one-ha l f  swirl v e l o c i t y ' b e h i n d   t h e   f a n   ( f i g .   2 ) .  The 
s w i r l  ang le  w a s  measured. 
1 3  
2. A t  mid-frequencies  (800 Hz t o  2 kHz), the   no ise   matched  levels 
predic ted  for  ro tor -a lone  broadband noise  ( i .e,  s e l f - n o i s e  o f  r o t o r  i n  smooth 
flow) . 
3.  Because i n l e t  honeycomb had l i t t l e  e f f e c t ,  t h e  b r o a d b a n d  n o i s e  a t  
o t h e r  f r e q u e n c i e s  w a s  probably caused by r o t o r  i n t e r a c t i o n  w i t h  small-scale 
t u r b u l e n c e  o r  w i t h  t u r b u l e n c e  c r e a t e d  a t  t h e  d u c t  t r a n s i t i o n / c o n t r a c t i o n  
ahead of t h e  f a n .  
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TABLE 1.- 1/7TH SCALE  FAN GEOMETRY AND PERFORMANCE  PARAMETERS 
Rotor 
Number of b l ades  
Radius,  m ( f t )  
H u b - t i p  r a t i o  
Root  chord, mm ( f t )  
Tip  chord, mm ( f t )  
Blade area pe r  b l ade ,  m2 ( f  t 2 )  
Maximum rpm 
Maximum t i p  s p e e d ,  m / s  ( f t / s e c )  
Des ign   t h rus t ,  N ( l b )  
Maximum p r e s s u r e  r a t i o  
S o l i d i t y ,  hub 
t i p  
"" 
S t a t o r  
Number of b l ades  
L o c a t i o n  r e l a t i v e  t o  r o t o r  
Spac ing  f rom ro to r  i n  ro to r  chords  
Chord, mm ( f   t )  
Low-speed f a n  
15 
0.914  (3.0) 
0.5 
183  (0.602) 
135  (0.442) 
0.073  (0.783) 
1200 
115  (377) 
5022  (1129) 
1.027 
0.958 
0.352 
23 
Downstream 
2 
111 (0.365) 
High-speed  fan 
9 
0.914  (3.0) 
0.5 
136  (0.445) 
87  (0.284) 
0.051  (0.547) 
2000 
192  (628) 
5022  (1129) 
1.028 
0.425 
0.136 
1 3  
Downstream 
2 
157  (0.515) 
1 7  
TABLE  2.- ROTOR AIRFOIL THICKNESS DISTRIBUTION: 
LOW-SPEED AND HIGH-SPEED  FANS 
Distance  f rom 
l e a d i n g   e d g e  , 
percen t  chord  
Di s t ance  to  uppe r  o r  lower* 
sur face  f rom camber  l ine+ 
a t  3 /4  r ad ius ,  pe rcen t  chord  
1.25  1.65 
2.5 
5 .O 
7.5 
2.27 
3.08 
3.62 
10  4.02 
15  4 .55 
20 . 4.83 
30 
40 
5 .OO 
4.875 
50  4.512 
60  3.921 
70 
80 
3.148 
2.205 
90 1.137 
95  0.523 
*Nominal t h i c k n e s s   d i s t r i b u t i o n   o f  a 10% t h i c k  C-4 a i r f o i l  ( r e f .  2 0 ) .  The 
a i r f o i l   s h a p e   c h a n g e s   f r o m   r o o t   t o   t i p .  The t h i c k n e s s   c o o r d i n a t e s  a t  314 
r a d i u s  ( i n  p e r c e n t  c h o r d )  grow l i n e a r l y  up t o  20% a t  t h e  r o o t  and  decrease  
l i n e a r l y  up t o  20% a t  t h e  t i p .  T h u s ,  t h e  r o o t  a i r f o i l  h a s  a maximum t h i c k -  
n e s s  o f  1 2 %  c h o r d  a n d  t h e  t i p  a i r f o i l  h a s  a maximum th i ckness  o f  8% chord 
( s e e  f i g s  1 (a)  and  (c )  . 
?The camber l i n e  i s  a c i r c u l a r  arc.  
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TABLE 3.- FULL SCALE FAN GEOMETRY AND PERFORMANCE 
PARAMETERS FOR THE 40- BY 80-FOOT WIND TUNNEL 
Rotor 
Number of b l a d e s  
Radius , m ( f t )  
Hub-tip r a t i o  
Root  chord, m ( f t )  
T ip  chord, m ( f t )  
Blade area ( p e r  b l a d e )  , m2 ( f t 2 )  
Maximum rpm 
Maximum t i p  s p e e d ,  m / s  (f t /sec) 
Maximum t h r u s t  ( e a c h ) ,  N ( l b )  
Maximum speed i n  40- by 80- 
test s e c t i o n ,  m / s  ( f t / s e c )  
S t a t o r  
Number of  b lades  
Loca t ion  relative t o  r o t o r  
S p a c i n g  f r o m  r o t o r  i n  r o t o r  
chords  
Chord, m ( f t )  
Cur ren t  f ans  
6 
6.1  (20) 
0.35 
0.91  (3.00) 
0.41  (1.33) 
2.62  (28.17) 
290 
185  (607) 
94,742  (21300) 
100  (328) 
2 ( s t r u t s )  
Upstream 
1 
5.1 (16.75) 
Sca led  up 
low-speed  fan 
15 
6.1  (20) 
0.50 
1.22 (4 .Ol) 
0.9  (2.95) 
3.23  (34.8) 
180 
115  (377) 
213,300  (47950) 
155  (507) 
23 
Downstream 
2 
0.74  (2.43) 
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(a )  High-speed  fan  ro tor  geometry  versus  rad ius ;  s tagger  angle ,  th ickness- to-  
c h o r d  r a t i o ,  camber angle and chord. 
F igure  1.- Fan-rotor geometry. 
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136 mm 
(.446 ft) 
TWIST ROOT TO  TIP: 19.6" 
TWIST AXIS: 43.5% CHORD 
(b) High-speed r o t o r  a i r f o i l  s e c t i o n s .  
F igure  1. - Continued. 
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( c >  Low-speed f an  ro to r  geomet ry  ve r sus  r ad ius ;  s t agge r  ang le ,  t h i ckness - to -  
c h o r d  r a t i o ,  camber angle and chord. 
Figure 1. - Cont inued . 
23 
\ > 
\ TIP, Ct.- iORD = 135 mrn (.442 f t )  
(d) Low-speed r o t o r  a i r f o i l  s e c t i o n s .  
F igure  1.- Continued. 
( e )  Low-speed fan. 
Figure 1.- Concluded. 
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Voo = FREE-STREAM VELOCITY  AT  FAN 
VROT = BLADE  ROTATIONAL SPEED AT 3/4 RADIUS 
VSW~RL = SWIRL OR DOWNWASH VELOCITY = Voo TAN 4 
d = SWIRL ANGLE  MEASURED BETWEEN ROTOR AND STATOR 
Figure 2.- Rotor  stagger  angle and angle of attack. 
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(a) Exterior view. 
Figure 3 . -  Fan-duct f a c i l i t y .  
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INLET MICROPHONE LOCATION 1.8 m (6 ft) DIAMETER 
\ TRANSITION - CIRCULAR 
TRANSITION-SQUARE 
TO RECTANGULAR 
TO CIRCULAR 
INLET MIC.  STATION 2.10 m BY 2.10 m 
EXHAUST MIC.  STATION 2.07 m BY 2.21 m HIGH 
(b)  V i e w  through center  p lane  of duc t .  
F igure  3 . -  Continued. 
(c) Exhaust throttle. 
Figure 3.- Concluded. 
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Figure  4 . -  I n l e t  c o n t r a c t i o n  f r o m  s q u a r e  t o  c y l i n d r i c a l  d u c t .  

DISTANCE 
FROM  INLET 
5.5 rn (18  ft) 7.9 rn (26  ft) 10.4 m (34 ft) 
" DUCT I " 
I 
HONEYCOMB 
WIRE  SCREEN 1.6 rnrn WIRE, 
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DISTORTION  SCREEN  0.28 rnrn WIRE, 1.8 X 1.4 rnrn MESH 
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1 WIND ____) ,I FAN 
\ WOODEN  BARRIER 40% BLOCKAGE 
OF DUCT  AREA 
(ALTERNATE FLOW DISTORTION  DEVICE) 
Figure 6 . -  Location and geometry of  d i s to r t ion  sc reen  and  f low-b lockage  ba r r i e r .  
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STRUT 
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1 
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2- 356 T 
3 
0 1  I I I 1 I 
.16m .51  .8 7  1.24  .59  1 94 
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I I I 2.07 r;\ I I 
iXHAUST* 
2.21  m 
0 1  I I I I 1 
.15m .50  .82  1.23 1.58  1.92 
*See FIG 3(b) FOR AXIAL LOCATION 
(a) Locations in duct cross sections looking upstream. 
Figure 7.- Microphones. 
u u 
(b) Inlet  microphones and support strut. 
Figure 7.- Continued. 
34 
(c) Exhaust microphones and support strut. 
Figure 7.  - Concluded. 
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AXIAL  LOCATION  OF  RAKES IN DUCT 
Figure  8.- Eight  pressure  survey  rakes  used  for  se lec ted  runs .  
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Figure 9.- Sound power levels of ILG  Industries  noise  source determined by free-field calibration and 
by fan-duct  sound pressure measurements. 
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( a )   I n l e t .  
Figure 10.- Typical sound pressure levels of low-speed f an  ope ra t ing  a t  top speed compared with flow 
n o i s e  r e p o r t e d  i n  r e f e r e n c e  7 .  
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(b) Exhaust. 
Figure 10.- Concluded. 
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(a)  Third-octave spectra  of sound  power. 
Figure 11.- Measured and p r e d i c t e d  n o i s e  of the high-speed and low-speed fans. 
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(b) Narrow-band s p e c t r a  of sound pressure  i n  i n l e t .  
Figure 11. - Continued. 
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(c)  Narrow-band s p e c t r a  of sound pressure i n  exhaust.  
F igure  11.- Concluded. 
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Figure 12.- Sound power of s i x  high-speed and low-speed fans scaled t o  12.2 m (40  f t )  diameter. 
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Figure 13.- Operating map f o r  t h e  f u l l - s c a l e  low-speed f a n s  d r i v i n g  t h e  40- by 8O-foot wind tunnel. 
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FAN SPEED VARIATION  ALONG = 65.5" LINE  TO 
LOW-SPEED FANS "- FAN SPEED VARIATION  ALONG  MOTOR  AND 
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ABOVE 90 m/s, TEST-SECTION SPEED CAN  ONLY BE 
VARIED BY CHANGING STAGGER ANGLE (SEE FIG. 13) 
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(a) Overall sound power level. 
Figure 14.- Comparison of t h e  n o i s e  o f  s i x  f u l l - s c a l e  low-speed fans  wi th  the  noise  of t h e  c u r r e n t  s i x  
40- by 80-foot wind-tunnel fans as a funct ion of tes t - sec t ion  speed .  
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20 40 60 80 loo 120 160 
TEST  SECTION SPEED, m/s 
(b) Approximation of f an  no i se  us ing  WaV5 (present   fans)   and  W C C V ~ ' ~  (low-speed f a n s ) ,  
V = t es t - sec t ion  speed .  
Figure 14.-  Continued. 
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(c) Third-octave spectra a t  tes t -sect ion speed VTs = 100 m/s. 
Figure 14.- Concluded. 
ONE-THIRD  OCTAVE  BAND CENTER FREQUENCIES, HZ 
(a) Third-octave band spectra.  
F igure  15 . -  Ef fec t  o f  pressure  survey  rake  ins ta l la t ion  (fig. 8) on  low-speed fan  sound power, 6 = 40.8'. 
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(b)  Narrow-band spectra of sound pressure in inlet. 
Figure 15.- Continued. 
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( c )  Narrow-band s p e c t r a  of sound pressure  in  exhaus t .  
F igure  15.- Concluded. 
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Figure 16.- Upstream and downstream sound power of the low-speed  fan, 6 = 40.8' .  
(a) In t ake .  
Figure 17 . -  A comparison of low-speed fan sound power levels wi th  typ ica l  sound  p res su re  levels,  
5 = 40.8'.  
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(b) Exhaust . 
Figure 17. -  Concluded. 
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Figure 18.- Estimated low-speed fan sound pressure l eve ls  a t  30 .5  m compared wi th  p red ic t ed  minimum 
broadband rotor noise based on method of r e f e r e n c e  9. 
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(a) Third-octave spectra o f  sound  power. 
Figure 19.- Low-speed fan  noise  wi th  and without  honeycomb i n  d u c t  i n l e t ,  5 = 35.4'. 
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(b) Narrow-band  spectra of sound  pressures  in  inlet. 
Figure 19.- Continued. 
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(c)  Narrow-band spectra of sound pressures in exhaust. 
Figure 19.- Concluded. 
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(a)  Fundamental  frequency f = 295 Hz, i n l e t  microphone 3.  
Figure 20.- Time  h i s t o r i e s  o f  f i l t e r e d  low-speed fan blade-passage noise, honeycomb i n  and  out  of i n l e t ,  
N = 1180 rpm, frequency bandwidth = 10 Hz. 
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(b) Exhaust microphone 7, f = 295 Hz. 
Figure 20.- Continued. 
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Figure 20.- Continued. . 
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Figure 20.- Continued. 
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(e) Inlet  microphone 3, f = 885 Hz, 3rd harmonic. 
Figure  20.- Continued. 
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(f) Exhaust microphone 7, f = 885 Hz. 
Figure 20.- Concluded. 
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F igure  21.- S teady-s ta te  f low swirl 230 mm ahead of low-speed  ro tor ,  
5 = 3 5 . 4 " ,  looking upstream. 
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F igu re  21.- Concluded. 
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Figure  22.- E f f e c t  o f  d i s t o r t i o n  s c r e e n  ( f i g .  6 )  on low-speed fan  sound  power, 5 = 40.8'. 
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Figure  23.-  Inflow v e l o c i t y  d i s t o r t i o n  d u e  t o  wooden b a r r i e r  ( f i g .  6 ) .  
,HUB 
,BLOCKAGE 
' I  . ,  
90 L""- : ' I 
16 25 40 63 100 160 250 400 630 1000 1600 2500 4000 6300 10,000 16,000 
""_- ""1- i"- "" "I 
OA 
12.5 20 31.5 50 ao 125 zoo 315 500 aoo 1250 2000 3150 5000 aooo 12,500 z o , m  PWL 
ONE-THIRD OCTAVE BAND CENTER FREQUENCIES. HZ 
Figure 24.- E f f e c t  o f  f l o w  d i s t o r t i o n  o f  f i g u r e  23 on low-speed fan sound power, 5 = 40.8' ;  p r e s s u r e  
survey  rakes  in  f low.  
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F igure  25.- V a r i a t i o n  of low-speed fan n o i s e  w i t h  r o t a t i o n a l  s p e e d ,  
p r e s s u r e  s u r v e y  r a k e s  i n s t a l l e d .  
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(b) Thi rd-oc tave  spec t ra  of sound  power. 
Figure 25.- Concluded. 
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Figure 26. -  Varia t ion  of  low-speed fan  noise  wi th  b lade  angle ,  1200 rpm, v a r i a b l e  mass flow rate. 
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F igure  26.- Concluded. 
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